With the advent of corneal confocal microscopy, investigators can determine keratocyte density in the corneal stroma in vivo. We and others have written automated algorithms to measure keratocyte density from human corneal confocal images. Such algorithms are only accurate if they exclude images of stromal nerve bundles (elongated objects) that would otherwise be counted as keratocytes. In this study we devised an algorithm to identify stromal nerve bundles and exclude them from measurements of keratocyte density. Nerve bundles were detected based on their size and aspect ratio, and were then subtracted from images by using a combination of morphology operations and direction calculations. The validity of nerve removal on measurements of keratocyte density was assessed. Keratocyte density was measured from confocal images of three normal human corneas in vivo by using our algorithm with nerve removal. After the same eyes underwent enucleation, density was measured manually from histologic sections. Keratocyte density was also measured from confocal images of 57 normal corneas in vivo (57 subjects) with and without nerve removal. In the three enucleated eyes, there was no significant difference between keratocyte density measured by automated counting with nerve removal and by histologic methods (P=0.75). However, in the 57 normal corneas, use of the nerve-removal algorithm reduced estimates of density by 57.0 ± 164.6cells/mm 3 (mean ± SD, p<0.038) in the anterior two-thirds of the stroma.
INTRODUCTION
The introduction of the confocal microscope has opened up the broad research area of ophthalmology research in vivo. The ability of this class of microscope to image high resolution, narrow depth-of-field scans of the full-thickness human cornea allows for detailed examination at the cellular level for use in ophthalmology research 1 and in clinics. 2 The corneal stroma accounts for 90% of the thickness of the human cornea, 3 and is lined anteriorly and posteriorly by epithelial and endothelial cells respectively. The corneal stroma predominantly consists of an extracellular matrix of collagen and proteoglycans, and cells called keratocytes. Confocal microscopy of the human cornea in vivo has been used to study keratocytes and changes in their density after surgery, 2,4,5 contact lens wear, 2 aging, 6 and in pathologic conditions of the cornea. 2 Previously, invasive histologic methods were required to obtain information about the corneal stroma, requiring extensive preparation of enucleated eyes and excised corneas, and such methods are not appropriate for clinical use. 4 With confocal microscopy, the corneal stroma can be examined in vivo at the cellular level. Full-thickness confocal microscopy scans of the cornea consist of multiple frames, where each frame in a scan represents a single image of the cornea at a specific z-depth ( Figure 1 ). Thus, a single scan allows for the comparison of corneal characteristics including keratocyte density throughout the full-thickness corneal stroma.
Researchers were initially limited to manual inspection of confocal microscopy images, 2, 4 which contained large amounts of noise and were of poor contrast. Observers had to painstakingly count the number of keratocyte nuclei, which were represented by bright objects against a dark background (Figure 1 ), in each image to estimate keratocyte density. Poor contrast and high noise limited the success of early attempts to automate keratocyte density calculations. 7 More recently, we have developed an automated algorithm to analyze confocal microscopy images in order to measure keratocyte density. 6, 8 Our algorithm accounts for noise and the inhomogeneity in contrast and brightness present in confocal images in order to calculate accurate keratocyte densities.
To determine keratocyte density accurately in the stroma of normal human corneas, computer algorithms must be able to distinguish keratocyte nuclei from noise and from stromal nerves, both of which also appear as bright objects. Stromal nerves enter the cornea at the limbus, deep in the mid-stroma, and pass anteriorly toward the corneal epithelium as they pass centrally. Keratocyte nuclei typically appear as small circular or oval objects within the field of view, whereas nerve bundles are characterized by their large, oblong shape and usually span the entire field of view. Objects representing noise are smaller than keratocyte nuclei and can be eliminated based on size alone. If objects representing nerves were not accurately removed from confocal images in the corneal stroma, they would be counted as one or more keratocyte nuclei, and would falsely increase keratocyte density. Furthermore, because each image represents an optical section of stroma approximately
-depth, one nerve (or keratocyte nucleus) is visualized in multiple consecutive images. However, the removal of a stromal nerve from an image representing a section of corneal stroma is made difficult by the fact that many objects representing keratocyte nuclei adjoin the object representing a nerve. Simple algorithms designed to subtract the image of the nerve also subtract the adjoining images of keratocyte nuclei. In this paper, we describe a method that removes images of stromal nerves while preserving images of adjoining keratocyte nuclei so that keratocyte density can be accurately measured by an automated algorithm. We then determined the effect of our nerve subtraction method on keratocyte density.
METHODS

Nerve Removal
The automated keratocyte counting algorithm 6, 8 developed by the Biomedical Imaging Resource, Mayo Clinic, Rochester, MN, by using the AnalyzeAVW software package 9,10 incorporated a number of filtering, 11 histogram expansion, 11 and morphology operations 12 to produce a binary, segmented image of objects from a single frame in a confocal scan of the human cornea (Figure 2 ). The binary image contained all objects present in the original confocal image. The goal of nerve detection and removal was to produce a binary, segmented image containing only objects that represented keratocyte nuclei ( Figure 3) . After a binary image, which contained objects representing nerves and keratocyte nuclei, was produced, the nerve detection phase was started. Any object that had a larger area than a set threshold (3000 pixels) was a candidate for nerve removal. Because this often included objects that represented clusters of multiple keratocytes, we also needed to determine the aspect ratio of the object, defined as the length of the minor axis of the best fit bounding box divided by the length of the major axis of the best fit bounding box of the object. The smaller the aspect ratio the more elongated the object, which was typical of stromal nerves thus enabling their identification. Nerves were classified as having an aspect ratio of less than 0.45. Unfortunately, the processing steps employed to convert the grayscale confocal image into a binary image often split a single object representing a nerve into multiple fragments ( Figure 4 ). After one fragment of the nerve was detected, all neighboring fragments were joined together.
We achieved this by determining the direction of the nerve and joining objects encountered within a fixed distance (15 pixels) of the ends of the nerve to the original nerve. In order to maximize the performance of this phase, the angle of the maximum-length internal chord ( Figure 5 ) of the binary object was used as the direction of the nerve instead of simply using the angle of the best-fit bounding box. This was used because the adjoining objects representing keratocyte nuclei skewed the angle of the best-fit bounding box but did not affect the direction of the maximum-length internal chord. The ends of the internal chord were used as the ends of the nerve in detection of additional nerve fragments. We used the angle of the nerve in conjunction with a morphology close operation to join the fragments together. The elongation phase was repeated until no further fragments could be joined ( Figure 6 ).
When an entire nerve had been detected, it alone was removed while preserving all adjoining keratocyte nuclei. The nerve was first isolated by using a morphology open operation with a stencil composed of a line 50 pixels in length and 1 pixel wide, oriented in the direction of the entire nerve (as computed from the maximum-length internal chord of the object) ( Figure 7 ). The resulting nerve was subtracted from the original binary object and filtered with a small morphology open operation to obtain adjoining keratocyte nuclei (Figure 8 ). The adjoining keratocyte nuclei were therefore preserved for counting along with other keratocyte nuclei in the frame.
After nerve removal, the resulting objects representing keratocyte nuclei were counted as described in a previous study. 8 Finally, volumetric keratocyte density was obtained using stereologic methods. 13 
Subjects
Fifty-seven confocal microscopy scans of the central human cornea of 57 subjects were obtained at Mayo Clinic, Rochester, MN. All subjects had normal corneas, had never worn contact lenses, did not use medications that affected the cornea, and had no history of corneal disease or surgery. Subjects were aged from 12 to 80 years and were of either sex and any race.
A Tandem Scanning Confocal Microscope (Tandem Scanning Corporation, Reston, VA), calibrated as outlined in a previous study, 8 was used to obtain corneal scans in vivo. The confocal microscope had a 24X, 0.6 NA objective lens with a concave surface and a working distance of 0-1.5 mm. The focal plane of the microscope could be adjusted to varying depths while the position of the front surface of the objective tip remained fixed. The focal plane and image acquisition was controlled from a computer joystick, mounted onto the mechanical joystick of the microscope, and connected to a Silicon Graphics INDY (Silicon Graphics Inc., Mountain View, CA) via an encoder mike controller (Oriel 18011, Oriel Instruments, Stratford, CT). Proparacaine hydrochloride 0.5% (Bausch & Lomb Pharmaceuticals, Inc., Tampa, FL) was instilled on the eye before examination. The objective lens of the confocal microscope was disinfected with 75% isopropyl alcohol wipes before and after each examination. A drop of 2.5% hydroxypropyl methylcellulose (CIBAVision Ophthalmics, Atlanta, GA) optical coupling medium was placed on the objective lens. The lens was manually advanced until it made contact with the eye. A series of confocal images was acquired (one scan) and digitized directly into the workstation as the focal plane advanced at subject. The best scan, defined as containing little ocular motion and no anteroposterior movement of the cornea relative to the objective, was used for analysis for each subject.
Analysis
Three corneas of three subjects were scanned with the confocal microscope prior to enucleation of the eyes for choroidal melanomas. Keratocyte density was manually estimated in five equal-thickness sections of the corneal stroma from stained histologic sections. Tissue preparation, cell counting, correction for cell shrinkage, and stereologic methods were used to estimate keratocyte density. 8 Keratocyte density in five equal-thickness regions of the corneal stroma was also estimated by using the automated counter with nerve rejection. These two methods of determining density were compared by using paired Student's t-tests to confirm that the automated algorithm with nerve rejection was valid for measuring keratocyte density in normal human corneas in vivo.
Forty confocal images with 17 containing nerves were randomly acquired from 20 scans. Two masked human observers manually identified nerves and adjoining keratocytes in each of these images. The results of manual identification were compared to the results obtained by the automated nerve detection and removal algorithm to assess the sensitivity of the algorithm.
Keratocyte density with and without nerve removal was computed for the 57 normal human scans by using the keratocyte counter algorithm. Mean keratocyte density was computed in five anteroposterior regions of the corneal stroma: the anterior 10% of stroma, the remainder of the anterior one-third of stroma, the central one-third of stroma, the posterior 10% of stroma, and the remainder of the posterior one-third of the stroma. Two-tailed paired Student's t-tests were used to compare keratocyte density of the full-thickness stroma and each anteroposterior stromal region measured with and without the nerve removal algorithm. Descriptive statistics showed the effect of nerve removal on individual frames with and without the presence of nerves.
RESULTS
There was no significant difference between keratocyte density calculated by the automated algorithm with nerve removal and keratocyte density manually determined from histologic sections (P=0.75).
The automated nerve detection algorithm correctly detected twelve of the 17 confocal images containing nerves. Of the images that contained nerves, only one adjoining keratocyte out of 15 was not correctly included in the final binary image. There were, however, eleven false positive identifications of adjoining keratocytes.
Nerve rejection had a significant impact on keratocyte density estimation for the anterior two-thirds of the stroma (Table 1 ). There was no significant difference between keratocyte density in the posterior third of the stroma measured with and without nerve rejection (p>0.05). Full-thickness keratocyte density decreased by 57.0 ± 164.6cells/mm 3 (mean ± SD) as a result of nerve rejection (p<0.001). In frames that contained nerves, keratocyte density decreased by 757.1 ± 1453.9cells/mm 3 when measured with the nerve removal algorithm compared to without the algorithm. Of the 546 frames that contained images of nerves, keratocyte density calculated with nerve removal decreased in 73% of the frames resulting in an average decrease of 1287.6 ± 1188.2cells/mm 3 (n=410) and increased in 23% of the frames (810.6 ± 1079.1cells/mm 3 , n=131). Keratocyte density increased by 5.7 ± 595.9cells/mm 3 (n=4471) in the frames that did not contain nerves.
DISCUSSION
We have demonstrated that keratocyte density measurement with stromal nerve removal by the computer algorithm was valid by comparing to gold-standard measurements of keratocyte density determined manually from histologic sections. We have devised a method of distinguishing stromal nerves from keratocyte nuclei in confocal microscopy images in vivo so that accurate measurements of keratocyte density can be made.
Nerve detection sensitivity was 70% with the automated method presented in this study. Errors in the simple detection scheme were due to difficulties in classifying small, greatly fragmented, or branched nerves. Currently, we are considering Bayesian approaches to improve the accuracy of object segmentation and classification. The high number of false positive adjoining keratocytes may also be improved with such methods.
Nerve removal only had a significant effect on keratocyte density in the anterior two-thirds of the stroma and in the fullthickness stroma (Table 1 ). No significant difference was found when measuring keratocyte density in the posterior one-third of the stroma with or without the nerve rejection algorithm. The latter can be explained by the fact that stromal nerves enter the cornea at the limbus at mid-stromal depth before passing anteriorly; stromal nerves are not found in the posterior stroma.
Although statistical analysis showed a significant difference between keratocyte densities obtained with and without nerve rejection in the anterior two-thirds of the stroma, a definitive effect on density was not apparent. Overall, a net decrease in keratocyte density was seen with the inclusion of nerve rejection. The alteration on keratocyte density was due to two competing effects of nerve removal: a definite decrease in density for the frame that contained the nerve and the possibility of an increase in density for subsequent frames in a scan.
The direct effect of removing a nerve from a confocal image was the decrease in the number of objects counted. Instead of the nerve and adjoining keratocyte nuclei all being counted as multiple keratocytes, only the adjoining keratocyte nuclei were counted. The decrease in the density of a single frame was 757.1cells/mm 3 for all images containing nerves in the 57 scans examined. Of the images with nerves, the vast majority showed a decrease in keratocyte density.
For frames subsequent to frames containing nerves, keratocyte density may have increased slightly due to progressive adjustments made by the algorithm when determining which objects represented single keratocyte nuclei. At the beginning of each scan, the maximum size for a single keratocyte nucleus was 625 pixels (maximum-size threshold for a single keratocyte nuclei). Objects larger than 625 pixels were assumed to be clusters of multiple keratocyte nuclei and were counted accordingly. After the first image was processed, the maximum-size threshold for the subsequent image was adjusted to reflect the mean size of single keratocytes in the first frame; this enabled the algorithm to adapt to changes in keratocyte size with increasing z-depth in the stoma. 8 The number of keratocytes counted per large cluster of nuclei was partly dependent on the mean size of single keratocyte nuclei in the previous frame. 8 If a nerve had many adjoining keratocyte nuclei, these were included in the adjustment the maximum-size threshold when nerve removal was present; however, when nerve removal was not activated they would have been considered part of a large cluster of nuclei and therefore not have had any effect on the maximum-size threshold. The objects representing adjoining keratocyte nuclei that remained after subtraction of nerves were often smaller than objects representing single keratocyte nuclei that did not adjoin nerves. This had the effect of decreasing the mean size of single keratocytes in an individual frame, causing a decrease in the maximum-size threshold, and resulting in more objects being counted as multiple keratocytes. In addition, the decrease in the mean size of keratocytes led to a single multiple-keratocyte object being over-counted. The net effect was a possible increase in the apparent number of keratocytes in subsequent frames of the scan, the presence and magnitude of which depended on the number and size of adjoining keratocyte nuclei to the nerve. Because recent frames had a greater effect on the current maximum-size threshold, the effects of a single nerve were diminished in the long term thus making the increase in density temporary. Therefore, nerves present in the anterior of the stroma had minimal effect on keratocyte density in the posterior of the stroma resulting in no significant difference between keratocyte densities in this region as calculated with and without nerve removal ( Table 1 ).
The effects of nerve removal on keratocyte density across a large z-depth of stroma containing nerves, or the stroma as a whole, were significant but not dramatic. This was partly due to the limited number of nerves encountered in the central cornea. Nerve removal would have a greater impact on keratocyte density when a smaller z-depth thickness of the cornea is examined. In situations such as post-operative analysis, keratocyte density may be measured across small z-depths in proximity to the surgical area. In such thin sections of the stroma, a single nerve would have a large effect on calculated keratocyte density if not subtracted from images. Even across large z-depths of the cornea, the inclusion of nerve removal ensures that our algorithm is as accurate as possible instead of merely ignoring stromal nerves.
